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(54) Substrate and production method thereof 


(57) There are provided a method of producing an 
SOI wafer of high quality with excellent controllability, 
productivity and economy, and a wafer produced by 
such method. In the method of producing a substrate by 
utilizing bonding of wafers, a first substrate member and 
a second substrate member are mutually bonded and 
then the second substrate member is separated from 
the first substrate member at the interface of a first layer 
and a second layer formed on the main surface of the 


first substrate member, whereby the second layer is 
transferred onto the second substrate member. In the 
separation, the separation position at the interface of the 
first and the second layers is ensured by a method of 
varying the porosity of a porous Si layer, a method of 
forming an easily separable plane by the coagulation of 
pores in porous Si, a method of effecting ion implanta- 
tion to the interface or a method of utilizing a heteroepi- 
taxial interface. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a method for pro- 
ducing a semiconductor substrate, and more particular- 
ly a method for producing a semiconductor substrate 
adapted for the formation of an electronic device or an 
integrated circuit in a single-crystal semiconductor layer 
on a dielectric separation layer or an insulator, or in a 
single-crystal compound semiconductor on an Si sub- 
strate. 

Related Background Art 

The formation of a single-crystal Si semiconductor 
layer on an insulator is widely known as semiconductor- 
on-insulator (SOI) technology, and various researches 
have been made because the device utilizing the SOI 
technology has various advantages that cannot be at- 
tained in the bulk Si substrate utilized for the preparation 
of ordinary Si integrated circuits. More specifically, the 
use of the SOI technology provides the following advan- 
tages: 

1. dielectric separation can be easily conducted to 
attain a higher degree of integration; 

2. radiation resistance is excellent; 

3. a reduced stray capacitance can be reduced to 
attain a higher speed; 

4. a well forming step can be omitted; 

5. latch-up can be prevented; and 

6. a fully depleted field effect transistor can be made 
by a thin film formation. 

These features are detailed, for example, in Special 
Issue: 

"Single-crystal silicon on non -single-crystal insulators"; 
edited by G. W. Cullen, Journal of Crystal Growth, Vol. 
63, No. 3, pp.429-590(1983). 

Also in recent several years, many reports have 
been published on the SOI substrate for realizing a high- 
er speed and a lower power consumption in the MOS- 
FET (IEEE SOI conference 1994). Also use of the SOI 
substrate allows to shorten device process steps, since 
the presence of an insulator layer under the device sim- 
plifies the device isolation process in comparison with 
the case of device formation on a bulk Si wafer. Thus, 
in comparison with the MOSFET or IC formed on the 
bulk Si, there is expected a total reduction of the wafer 
cost and the process cost together with a higher per- 
formance. 

In particular, the fully depleted MOSFET is expect- 
ed to achieve a higher speed and a lower power con- 
sumption by improvement of a driving power. The 
threshold voltage (V+h) of the MOSFET is generally de- 


termined by the impurity concentration of the channel 
portion, and in case of the fully depleted MOSFET uti- 
lizing the SOI structure, the thickness of the depletion 
layer is also affected by the film thickness of SOI. Con- 
s sequently, in order to produce the large-area integrated 
circuits with a high production yield, there has strongly 
been desired the uniformity of the SOI film thickness. 

Also the devices formed on the compound semicon- 
ductor have excellent features, such as a high speed or 
10 light emission, which are not achievable with the silicon 
substrate. Presently such devices are mostly formed by 
epitaxial growth on a compound semiconductor sub- 
strate such as GaAs or the like. However, such com- 
pound semiconductor substrate has drawbacks of ex- 
is pensiveness, a low mechanical strength, difficulty of 
preparation of a large area wafer and the like. 

In view of such situation, there has been made an 
attempt to heteroepitaxially grow a compound semicon- 
ductor on the silicon wafer which is inexpensive, me- 
chanically strong and can be easily prepared with a 
large area. 

The investigations on the formation of the SOI sub- 
strate have been active from 1 970's. In the initial period, 
there have been investigated a method of heteroepitax- 
ially growing a single-crystal silicon on an insulating sap- 
phire substrate (SOS: silicon on sapphire), and a meth- 
od of forming the SOI structure by dielectric separation 
utilizing oxidation of porous Si (FIPOS: full isolation by 
porous oxidized silicon). 

The FIPOS method consists of forming islands of 
N-type Si layer on the surface of a P-type single-crystal 
Si substrate by proton implantation (Imai et al., J. Crystal 
Growth, Vol. 63, 547 (1 983)), or by epitaxial growth and 
patterning, then making only the P-type Si substrate po- 
rous by anodizing in HF solution so as to surround the 
Si islands from the surface side, and achieving dielectric 
isolation of the N-type Si islands by accelerated oxida- 
tion. Since in this method the isolated Si island is deter- 
mined prior to the device manufacturing step, the free- 
dom of device designing may be limited. 

An oxygen ion implantation method is called SIMOX 
method, which was originally reported by K. Izumi. After 
oxygen ions are implanted with a concentration of 10 17 
to 1 0 18 /cm 2 into an Si wafer, it is annealed at a high tem- 
perature of about 1320°C in an argon-oxygen atmos- 
phere, whereby the implanted oxygen ions combine with 
Si atoms around a depth corresponding to the projected 
stroke (Rp) of the ion implantation to form a silicon oxide 
layer. In this operation, an Si layer present on the oxi- 
dized silicon layer and made amorphous by oxygen ion 
implantation recrystallizes to form a single-crystal sili- 
con layer. The number of defects in the surface Si layer 
was as high as lOS/cm 2 but has been reduced to about 
1 0 2 /cm 2 by maintaining the implanted amount of oxygen 
ions at about 4 x 10 17 /cm 2 However, since the implan- 
tation energy and the implantation amount are limited to 
a narrow range in order to maintain desired film quality 
of the Si oxide layer and desired crystallinity of the sur- 
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face Si layer, the thicknesses of the surface Si layer and 
the hurried Si oxide (BOX: hurried oxide) layer have 
been limited to specified values. Therefore, for obtaining 
the surface Si layer of a desired film thickness, it has 
been necessary to effect sacrificed oxidation or epitaxial 
growth. In such case, there is a problem that the uni- 
formity of the film thickness is inevitably deteriorated 
since the deterioration of the uniformity of the film thick- 
ness due to such process is added to the original film 
thickness distribution. 

It has also been reported that the BOX layer con- 
tains a region, called "pipe", of defective formation of Si 
oxide. One of the causes of such defective formation is 
foreign matters such as dust at the implantation. In the 
portion of such pipe, there is generated a leak between 
an active layer and a supporting substrate to deteriorate 
the device characteristics. 

The ion implantation of the SIMOX method with a 
larger amount of implantation in comparison with that in 
the ordinary semiconductor process requires a long im- 
plantation time even by using an developed apparatus 
exclusive for this purpose. Since the ion implantation is 
conducted by rester scanning with an ion beam of a pre- 
determined current or by expanding an ion beam, it is 
anticipated to require a longer time with increase in area 
of the wafer. Also the high-temperature heat treatment 
of a wafer having a large area is anticipated to become 
more difficult, because of the generation of problems 
such as slip due to the temperature distribution within 
the wafer. As the SIMOX method requires a heat treat- 
ment at 1 300°C or higher which is not usually employed 
in the Si semiconductor process, there is concerned an 
increase in the problems to be solved such as apparatus 
development, metal contamination and slip. 

In addition to the conventional SOI forming methods 
described above, there is recently contemplated a meth- 
od of bonding a single-crystal Si substrate to another 
thermally oxidized single-crystal Si substrate by heat 
treatment or with an adhesive to obtain the SOI struc- 
ture. In this method, an active layer for device formation 
has to be formed as a uniform thin film. Stated differently 
a single-crystal Si substrate of a thickness of several 
hundred micrometers has to be formed as a thin film in 
the order of a micrometer or less. This formation of the 
thin film is conducted by three methods as described 
below: 

1 . method of thin film formation by polishing 

2. method of thin film formation by local plasma 
etching 

3. method of thin film formation by selective etching. 

By the above method 1, it is difficult to provide an 
uniform thin film by polishing. In particular, fluctuation in 
thickness becomes as high as several tens of percent 
in case of forming a thin film of submicron thickness, 
and the formation of an uniform thin film becomes a 
large problem. The difficulty of forming a thin film be- 


comes severer with increase in a wafer diameter. 

In the above method 2, after forming a thin film of 
about 1 to 3 u/n by the grinding of the method 1 , thick- 
ness distribution is measured in many points over the 

s entire surface and then plasma etching is conducted 
while scanning a plasma beam of a diameter of several 
mm, for example, of SF 6 to correct the thickness distri- 
bution on the basis of on the measured distribution, 
thereby forming a thin film of a desired thickness. It is 

10 reported that this method have achieved a film thickness 
distribution of about ± 10 nm. However, if a particle is 
present on a substrate during the plasma etching, such 
particle functions as an etching mask, so that a projec- 
tion is formed on the substrate. 

is Also as the surface after the plasma etching is 
coarse, there is required a touch polishing operation is 
required after the plasma etching, but the difficulty in the 
control of the final film thickness and the deterioration 
of the film thickness distribution by the polishing opera- 

20 tion are pointed out since the polished amount is con- 
trolled by the polishing time. Besides, as the polishing 
material such as colloidal silica comes into direct contact 
with the surface of an active layer in the polishing oper- 
ation, there are concerned the formation of a crushed 

25 layer and the generation of a working strain due to the 
polishing operation. Furthermore, as the wafer area be- 
comes larger, the plasma etching time increases pro- 
portionally with increase in the wafer area to possibly 
lead a significant decrease in a throughput. 

30 The above method 3 consists of providing in ad- 
vance a substrate to be formed into a thin film structure 
which can be selectively etched. For example, on a P- 
type substrate, a thin P + -type Si layer containing boron 
atoms at a concentration of 1 0 19 /cm 3 or more and a thin 

55 P-type Si layer are stacked for example by epitaxial 
growth to obtain a first substrate. This substrate is ad- 
hered to a second substrate with interposition of an in- 
sulating layer such as an oxide film, and the first sub- 
strate is made thin by grinding and polishing from the 

40 rear surface. Subsequently the P-type layer is selective- 
ly etched to expose the P + -type layer, and P + -type is 
then selectively etched to expose the P-type layer, 
thereby completing the SOI structure. This method is 
detailedly reported by Maszara (W. P. Maszara, J. Elec- 
ts trochem. Soc, Vol. 138, 341 (1991)). 

The selective etching method is considered to be 
effective for obtaining a uniform thin film, but has with 
the following problems. 

50 (1 ) a selective ratio is about 1 0 2 and is not sufficient; 
(2) touch polishing is necessary after the etching 
because the surface after the etching is coarse. As 
a result, however, the uniformity of film thickness 
tends to be deteriorated with decrease in film thick- 

55 ness. Also the polishing amount is controlled by the 
polishing time, but is difficult to control because of 
the fluctuation in the polishing rate. This is particu- 
larly a problem in the formation of an ultra thin SOI 
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layer such as of 100 nm; and 
(3) the crystallinity of the SOI layer is insufficient be- 
cause the ion implantation, epitaxial or heteroepi- 
taxial growth is conducted on the high-concentra- 
tion boron-doped Si layer. Also the property of the 
surface to be bonded is inferior to that of the ordi- 
nary Si wafer. 

The above points are reported by C. Harendt et al., 
J. Elect. Mater., Vol. 20, 267 (1991), H. Baumgart et al., 
Proceeding of the 1 st International Symposium on Sem- 
iconductor Wafer bonding: Science, Technology and 
Applications, (The Electrochemical Society) Vol. 92-7, 
p.375, and C. E. Hunt et al., Proceeding of the 1 st Inter- 
national Symposium on Semiconductor Wafer Bonding: 
Science, Technology and Applications (The Electro- 
chemical Society) Vol. 92-7, p. 165. 

Also the selectivity of the selective etching is greatly 
depended on a difference in a concentration of the im- 
purity such as boron and the steepness of profile of the 
impurity in the direction of depth. Therefore, if there is 
conducted a high-temperature bonding annealing for in- 
creasing a bonding strength or a high-temperature epi- 
taxial growth for improving a crystallinity, the distribution 
of the impurity concentration is spread in the direction 
of depth, thereby deteriorating the etching selectivity. 
That is the improvement in the etching selectivity has 
not easily been compatible with the improvement in the 
crystallinity and in the bonding strength. 

Recently Yonehara et al. reported a bonding SOI 
method which is free from above problems and is excel- 
lent in film thickness uniformity and in crystallinity and 
which enables a batch process (T Yonehara et al., Appl. 
Phys. Letter, Vol. 64, 2108 (1994)). This method em- 
ploys a porous layer 32 on a first Si substrate 31 as a 
material for selective etching. After a non-porous single- 
crystal Si layer 33 is epitaxially grown on a porous layer, 
it is bonded to a second substrate 34 via an Si oxide 
(insulator) layer 35 (Fig. 5A). The first substrate is made 
thin, for example, by grinding from the rear surface to 
expose the porous Si layer over the entire area of the 
substrate (Fig. 5B). The exposed porous Si is removed 
by etching with a selective etching solution such as KOH 
or HF + H 2 0 2 (Fig. 5C). In this operation, the selective 
ratio of the etching of porous Si to bulk Si (non-porous 
single -crystal Si) can be made as high as 1 00,000 times 
so that an SOI substrate can be formed by leaving, on 
the second substrate, the non-porous single-crystal Si 
layer grown in advance on the porous layer, without any 
substantial change in the film thickness. Therefore, the 
film thickness uniformity of SOI can be substantially de- 
termined by the epitaxially growing operation. As the 
epitaxial growth can be conducted in a CVD apparatus 
employed in the ordinary semiconductor process, there 
has been achieved a uniformity, for example, of 100 ± 
2% according the report of Sato et al. (SSDM 95). Also 
it has been reported that the crystallinity of the epitaxial 
Si layer is a satisfactory value of 3.5 x IC^/cm 2 . 


Porous Si was found by Uhlir et al. in 1956 in the 
course of investigation of electropolishing of a semicon- 
ductor (A. Uhlir, Bell Syst. Tech. J., Vol. 35, 333 (1956)). 
The porous Si can be formed by anodization of an Si 

5 substrate in HF solution, and has a sponge-like shape 
having minute pores which is formed from a bulk Si by 
electrolytic etching. The pores have a diameter of about 
several nanometers and formed with a density, for ex- 
ample, of 10 11 /cm 2 , though these are variable depend- 

10 jng on the conditions of anodization and the specific re- 
sistivity of Si. 

Unagami et al. have been investigated the dissolu- 
tion reaction of Si in anodization and reported that the 
anodization reaction of Si in HF solution requires posi- 

15 tive holes. The reaction is as follows (T. Unagami, J. 
Electrochem. Soc, Vol. 127, 476 (1980)): 

Si + 2HF + (2-N) e + -> SiF 2 + 2H + + ne' 

20 

SiF 2 + 2HF -> SiF 4 + H 2 

25 SiF 4 + 2HF -> H 2 SiF 6 

or 

30 Si + 4HF + (4 - X) e + -» SiF 4 + 4H + + Xe 

SiF 4 + 2HF -> H 2 SiF 6 

35 wherein e + and e" represent a positive hole and an elec- 
tron, respectively. Also n and X are the number of posi- 
tive holes required for dissolving one Si atom, and it has 
been reported that porous Si is formed under a condition 
of n > 2 or X > 4. 

40 According to this report, P-type Si containing posi- 
tive holes can be made porous but N-type Si is not made 
porous. This selectivity of the porous structure formation 
has been proved by Nagano et al. and Imai (Nagano, 
Nakajima, Yasuno, Ohnakaand Kajiwara, Technical Re- 

45 search Report of Electronic Communications Society, 
Vol. 79, SSD79-9549 (1979): and K. Imai, Solid-state 
Electronics, Vol. 24, 159 (1981)). 

In the conventional method, the selectivity of etch- 
ing depends on a difference in an impurity concentration 

so and a profile thereof in the direction of depth, so that the 
temperature of heat treatment (in bonding, epitaxial 
growth, oxidation, etc.) which spreads the distribution of 
the concentration is limited to about 800° C or lower. On 
the other hand, in this method, since the etching rate is 

55 determined by a difference between the porous struc- 
ture and the bulk structure, the heat treatment involves 
little limitation in the heat treatment temperature and has 
been reported achievable at about 1180°C. For exam- 
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pie, the heat treatment after bonding is known to in- 
crease the bonding strength of the bonded wafers and 
to decrease the number and the size of the voids gen- 
erated in the bonding interface. Also in the etching 
based on such structural difference, particles eventually 
deposited on the porous Si do not influence the uniform- 
ity of film thickness. 

Also in case of a light-transmissive substrate gen- 
erally having irregular crystalline structure as represent- 
ed by glass, a thin Si film deposited thereon usually be- 
comes amorphous or polycrystalline at best, reflecting 
the crystalline irregularity of the substrate, so that a 
high-performance device cannot be prepared on such 
substrate. This is based on a fact that the substrate is 
amorphous and therefore a satisfactory single-crystal 
layer cannot be obtained by merely depositing an Si lay- 
er thereon. 

On the other hand, the semiconductor substrate 
employing the bonding method always necessitates two 
wafers, one of which is mostly removed by polishing or 
etching, thus leading to an increased cost and eventu- 
ally resulting in the significant waste of the limited re- 
sources of the earth. 

For this reason, in order to exploit the features of 
SOI employing the bonding process, there has been de- 
sired a method capable of reproducible providing an SOI 
substrate of satisfactory quality and at the same time 
realizing the saving of resources and the cost reduction, 
for example, by reuse of the wafers. 

Recently Sakaguchi et al. has reported a method of 
reusing a first substrate which is consumed in a bonding 
step (Japanese Patent Application Laid-Open No. 
07-302889). 

In the above method of conducting bonding and 
etch-back by using porous Si, they adopted the following 
method instead of the step of exposing porous Si by pol- 
ishing or etching the first substrate from the rear surface 
thereof. 

After the surface region of a first Si substrate 41 is 
made porous to form a porous layer 42, a single-crystal 
Si layer 43 is formed thereon, and this single-crystal Si 
layer 43 is adhered via an insulating layer 45 to the main 
face of a second Si substrate 44 which is separate from 
the first substrate 41 (Fig. 6A). Then the bonded wafers 
are divided by the porous layer (Fig. 6B), and the porous 
Si layer remaining on the surface of the second Si sub- 
strate is selectively removed by etching to obtain a SOI 
substrate (Fig. 6C). The division of the bonded wafers 
is achieved by destruction of the porous Si layer by: 

applying a sufficient and uniform tensile force or 
pressure to the whole wafers in a direction perpen- 
dicular to the inside face of the bonded wafers; 
applying a vibration energy such as ultrasonic 
wave; 

exposing the porous layer at the edge of the wafers, 
etching the exposed portion of the porous Si layer 
by a certain amount and inserting a razor blade or 


the like into such etched portion; 
exposing the porous layer at the edge of the wafers, 
impregnating the porous Si layer with liquid such as 
water, and heating or cooling the entire bonded wa- 
5 fers to cause expansion of the liquid; or 

applying a force to the first (or second) wafer in a 
direction parallel to the second (or first) substrate. 

These methods are based on a fact that though the 
10 mechanical strength of porous Si is dependent on the 
level of porosity, it is considered that the strength is suf- 
ficiently lower than that of bulk Si. For example, if the 
porosity is 50%, the mechanical strength of a porous lay- 
er is considered to be about half of that of bulk Si. Thus, 
is if a compressing force, a tensile force or a shearing force 
is applied to the bonded wafers, the porous Si layer is 
broken at first. The porous layer can be broken with a 
weaker force by increase in the level of porosity. 

The porosity is defined as percentage of pore vol- 
ume with respect to the apparent volume of a porous 
layer, that is, the sum of the volume of a material con- 
stituting the porous layer and the pore volume. 

However, in the method disclosed in the Japanese 
Patent Application Laid-Open No. 07-302889, the posi- 
tion of separation within the thickness of the porous lay- 
er in a thickness direction cannot be defined, so that the 
wafer yield was deteriorated in some cases because 
such position of separation varies in every wafers. Be- 
sides, the thickness of the porous Si layer remaining af- 
ter separation of the wafers has significant fluctuation. 
Therefore, even by using highly selective etching, the 
wafer yield was deteriorated in some cases in order to 
satisfy the requirement for the highly uniform film thick- 
ness for SOI. 

Also the Japanese Patent Application Laid-Open 
No. 8-213645 describes a method of separation by the 
porous layer, but does not describe the layer structure 
of the porous layer. Separately Tanakaya et al. of Sony 
reported, in Preprints for 1996 Fall Congress of Applied 
Physics society, p.673, the preparation of porous Si by 
a change in the current in the course of processing. 

The Japanese Patent Application Laid-Open No. 
8-21 3645 describes that the separation takes place at 
any position of the separation layer, that is, that the sep- 
arating position cannot be defined. In such case, the 
thickness of the remaining porous Si layer fluctuates 
over the wafer, and, when the porous Si is removed by 
etching, an active layer (device forming layer) is more 
or less etched also to result in a fluctuating thickness in 
the plane of the wafer as long as the etching rate for the 
active layer consisting of a non-porous single crystal is 
not zero. Also even if the remaining porous Si is left un- 
removed, the surface step coverage resulting from the 
separating position is left on the wafer. Also the method 
described in the above-mentioned Preprints for 1 996 
Fall Congress of Applied Physics Society, p.673 de- 
scribes that the separation takes place by the center 
portion of the porous Si, so that the porous Si layers 
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remaining on both wafers have to be removed. 

For preparing the bonding SOI substrate of satis- 
factory quality, the etching step of the porous layer has 
been considered to be essential. The etching step re- 
quires conveyance of the substrate into and from the 
etching apparatus, management of the etching appara- 
tus and etchant, rinsing of the substrate after etching, 
etc. Therefore the preparation time of the SOI substrate 
can be significantly reduced if the etching step can be 
omitted. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a 
method of producing a substrate, which is capable of 
omitting a selective etching step of the porous layer. 

Another object of the present invention is to provide 
a method for inexpensively preparing a semiconductor 
substrate of satisfactory quality, represented by the SOI 
substrate. 

The present invention provides a method for pro- 
ducing a substrate, comprising: 

a step of preparing a first substrate member a first 
layer and a second layer provided on and adjacent 
to the first layer; 

a step of bonding the first substrate member to a 
second substrate member; and 
a step of separating the first substrate member and 
the second substrate member to transfer the sec- 
ond layer onto the second substrate member, 
wherein the separation of the first substrate mem- 
ber and the second substrate member is conducted 
at the interface between the first layer and the sec- 
ond layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1A, 1B, 1C and 1D are schematic cross-sec- 
tional views showing an example of the method of 
producing a substrate according to the present in- 
vention; 

Figs. 2A, 2B, 2C, 2D, 2E and 2F are schematic 
cross-sectional views showing another example of 
the method of producing a substrate according to 
the present invention; 

Figs. 3A, 3B, 3C and 3D are schematic cross-sec- 
tional views showing still another example of the 
method of producing a substrate according to the 
present invention; 

Figs. 4A, 4B, 4C and 4D are schematic cross-sec- 
tional views showing still another example of the 
method of producing a substrate according to the 
present invention; 

Figs. 5A, 5B and 5C are schematic cross-sectional 
views showing a first conventional method; and 
Figs. 6A, 6B and 6C are schematic cross-sectional 
views showing a second conventional method. 


DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Figs. 1 A to 1 D show a basic example of the method 
s of producing a substrate according to the present inven- 
tion. 

As shown in Fig. 1 A, there is prepared a first sub- 
strate member 2 having a first layer 12 and a second 
layer 13 provided on and adjacent to the first layer. 

Then, as shown in Fig. 1B, the first substrate mem- 
ber 2 and a second substrate member 15 are bonded. 
Numeral 14 indicates an insulating film. 

Then, as shown in Fig. 1C, the first substrate mem- 
ber 2 and the second substrate member 15 are sepa- 
rated, whereby the second layer 1 3 is transferred onto 
an insulating surface 1 4f of the second substrate mem- 
ber 15. 

Since the separation takes place at the interface be- 
tween the first layer 1 2 and the second layer 1 3, the first 
layer does not remain on the exposed surface (separa- 
tion surface) 1 3f of the second layer 1 3 transferred onto 
the second substrate member 15. 

Therefore, as shown in Fig. 1 D, a substrate 3 having 
a smooth surface can be obtained without selective 
etching or selective polishing of the exposed surface 1 3f 
of the second layer 1 3. If necessary, the surface 1 3f of 
the second layer 1 3 of the substrate 3 can be subjected 
to a smoothing treatment such as heat treatment in a 
non-oxidative atmosphere. 

The first substrate member employed in the present 
invention comprises at least the first layer and the sec- 
ond layer which are formed of mutually different mate- 
rials or have mutually different mechanical strengths. 

As the second layer, a non-porous layer is used. 
Specific examples of the material constituting the sec- 
ond layer include Si and compound semiconductors 
such as GaAs, InP, etc., a metal and carbon, but such 
examples are not restrictive. Also such layer need not 
necessarily be formed over the entire surface but may 
be partially etched by a patterning treatment. Also on 
such non-porous layer, an insulating layer such as an 
oxide film may be formed. 

The second substrate member may be an Si mem- 
ber, an Si member having an Si oxide film formed on a 
surface thereof, a light-transmissive member such as 
quartz, fused quartz, sapphire or silica glass, or a metal 
member, but the material constituting the second sub- 
strate member is not restrictive. 

The first substrate member and the second sub- 
strate member are preferably plate-shaped or disk- 
shaped. 

In the case of bonding, it is preferable to provide an 
insulating layer such as an oxide film on the surface to 
be bonded of at least one of the first substrate member 
and the second substrate member and to bond both 
substrate members via such insulating layer. Figs. 1A 
to 1D show an example in which the insulating layer 14 
is provided on the surface of the second substrate mem- 
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ber 15. 

In order to conduct the separation at the interface 
of between the first layer and second layer, a mechani- 
cally weaker separation layer may be formed by using 
a porous layer at such interface or by ion implantation 
at such interface. Otherwise the mechanically weaker 
separation layer may be formed by introducing defects 
into such interface. 

The separation can be achieved, for example, by 
the application of an external force such as a pressure, 
a tensile force, a shearing force or a force by a wedge, 
application of ultrasonic wave or heat, application of an 
internal pressure to porous Si by oxidizing porous Si to 
expand it from the periphery thereof, application of a 
thermal stress by pulsed heating, or by softening, but 
these are not restrictive. 

In the following there will be explained the method 
of forming a separation layer. 

It is already known that, due to a difference in a lat- 
tice constant by using different materials in heteroepi- 
taxy, defects are introduced into an interface between 
the different materials or into an epitaxial layer. Also in 
case of double heteroepitaxy of forming two hetero junc- 
tions, defects tend to be introduced into an ultra thin film 
based on the relationship of thicknesses of two epitaxial 
layers. Accordingly, when a different material is epitax- 
ially grown on an ultra thin epitaxial layer, defects are 
introduced into such ultra thin epitaxial layer. The inter- 
face can be made weaker by the difference in the lattice 
constant and the introduction of defects, and the sepa- 
ration can be achieved at such interface. 

On the other hand, the separation layer can be 
formed without the use of heteroepitaxy. As an example, 
a porous material is used. 

A porous layer can be formed, for example, by an- 
odizing an Si substrate member in HF solution. The po- 
rous layer has a sponge-like structure, in which pores 
of a diameter of 1 0 _1 to 1 0 nm are formed with a distance 
of 10" 1 tolOnm. In contrast to the density of single-crys- 
tal Si of 2.33 g/cm 3 , the density of the porous layer can 
be varied within a range of 2. 1 to 0.6 g/cm 3 by a variation 
in the concentration of HF solution within a range of 50 
to 20% or by a variation in the current density to be used 
in the anodization. Thus the level of porosity can be var- 
ied. Though the density can be reduced to less than half 
of that of single-crystal Si, porous Si still maintains 
monocrystallinity, so that single-crystal Si can be epitax- 
ially grown on the porous layer. However, above 
1000°C, the internal pores start to be rearranged, there- 
by deteriorating the characteristics of accelerated etch- 
ing. For this reason, the epitaxial growth of Si layer is 
preferably conducted by a low-temperature growth such 
as molecular beam epitaxial growth, plasma CVD, low- 
pressure CVD, photo CVD, biased sputtering or liquid 
phase growth. However, high-temperature growth is al- 
so possible if a protective film is formed in advance on 
inside walls of the pore in the porous material, for ex- 
ample, by low-temperature oxidation. 


As the porous layer contains a large space therein, 
the surface area is drastically larger in comparison with 
the volume. For this reason, the chemical etching rate 
is significantly increased in comparison with that of the 
5 ordinary single-crystal layer. 

Also the mechanical strength of the porous layer, 
though being dependent on the porosity, is lower than 
that of bulk Si. Therefore, if a pressure, a traction or a 
shear is applied to an Si substrate comprising a porous 
fo layer in a part thereof, the porous layer is broken at first. 
The porous layer can be broken by a weaker force when 
the porosity of the porous layer is increased. 

In the epitaxial growth on porous Si, a baking step 
of baking in H 2 as the first step is essential for improving 
15 the quality of the epitaxial layer by filling the surfacial 
pores of the porous Si (N. Sato et at., J. Electrochem. 
Soc., Vol. 142, No. 9, 3116 (1995)). In this baking step 
in H 2 , the outermost layer of porous Si is consumed for 
filling the pores. Accordingly, the separation can be 
achieved immediately under the epitaxial layer by form- 
ing two or more porous layers, an ultra thin outermost 
porous layer being formed to have a low porosity, and a 
porous Si layer immediately under such epitaxial layer 
by non-porous structure formation treatment and/or epi- 
taxial growth being formed to have a large porosity. 

Also the porous Si layer from which the oxide film 
is removed with HF or the porous Si layer having no ox- 
ide film exhibits pore coagulation during a heat treat- 
ment such as the above-mentioned baking in H 2 , there- 
by becoming weaker in the mechanical strength and 
easily separable under the absence of an oxide film on 
the inside walls of the pores. Thus the separation by the 
interface of the first layer and the second layer can be 
achieved also by such treatment. 

Otherwise, the porous Si layer after anodization is 
subjected, without low-temperature oxidation, to a high- 
temperature process such as epitaxial growth, oxidation 
bonding and the like, it cause the structural change of 
porous Si in which the small pores obtained by the an- 
odization coagulate to result in expansion of the pores. 
Thus the separation takes place at the interface be- 
tween the porous Si layer and the non-porous epitaxial 
Si layer by the strain therebetween due to the expansion 
of pores immediately below the epitaxial layer. There- 
fore, the separation at the interface between the first lay- 
er and the second layer can be achieved also by such 
treatment. 

It is also well know that an ion implanted layer gen- 
erates bubbles therein, assuming a structure as if a po- 
rous material is formed inside. Accordingly, such layer 
becomes mechanically fragile, and enables accelerated 
oxidation or accelerated etching as in the porous layer 
obtained by anodization. Therefore, the separation at 
the interface of the first layer and the second layer can 
also be achieved by implanting ions into such interface. 

The ions employed in such method are not particu- 
larly limited but can be any kind that can generate an 
implantation damaged layer, a high concentration layer 
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of the implanted element (strain layer), or a bubble con- 
taining layer. 

The interface referred to in the present invention 
means an interface substantially including the vicinity 
region of the interface. 

With respect to the ion implantation, reference is to 
be made to the followings. 

Japanese Patent Application Laid-Open No. 
5-211128 has proposed a method of forming a bubble 
layer by ion implantation, causing crystal rearrangement 
and bubble coagulation by a heat treatment and con- 
ducting the separation at the bubble layer. 

It is also reported that implantation of helium or hy- 
drogen ions into bulk Si followed by a heat treatment 
generates, in the implanted region, micro-cavities hav- 
ing a diameter of several nm to several ten nm at a den- 
sity of about 10 16 - 10 17 /cm 3 (for example, A. Van Veen, 
C. C. Griffioen and J. H. Evans, Mat. Res. Soc. Symp. 
Proce. 107 (1988, Material Res. Soc. Pittsburgh, Penn- 
sylvania) R449). It is recently investigated to utilize such 
micro-cavities as a gettering site of a metal impurity. 

V. Raineri and S. U. Campisano have reported im- 
planting helium ions into bulk Si, following by a heat 
treatment, to obtain micro-cavities, then forming a 
groove on a substrate to expose the side face of the mi- 
cro-cavities and effecting oxidation treatment, thereby 
selectively oxidizing the micro-cavities to obtain a buried 
oxidized si layer, namely an SOI structure (V. Raineri 
and S. U. Campisano, Appl. Phys. Lett. 66 (1995) p. 
3654). 

Additionally, in the substrate-producing method of 
the present invention, the first substrate member sepa- 
rated by the above-mentioned methods can be utilized, 
after removal of the first layer remaining on the separat- 
ed face or without such removal if it is unnecessary and 
after a surface flattening treatment if the surface flatness 
is insufficient, again as the first substrate member or the 
second substrate member or as a substrate for other 
applications. 

Also the separated surface of the second substrate 
member having the transferred second layer can be 
plattened by a heat treatment in a hydrogen-containing 
non-oxidative atmosphere, without relying on the polish- 
ing or etching employed in the ordinary semiconductor 
process. Such plattening by the heat treatment can re- 
alize, under the selection of appropriate conditions, the 
platness of a level that only the atomic step is exposed 
locally. 

As explained in the foregoing, in the present inven- 
tion, it is possible to conduct separation at the interface 
of the first layer and the second layer over the whole 
substrates, thereby allowing to simplify or omit the flat- 
tening step of flattening the separated surface of the 
second substrate member which is considered indis- 
pensable in the conventional methods. Since etching or 
polishing may deteriorate the thickness of the second 
layer transferred to the second substrate member the 
uniformity of the second layer can be improved if such 


etching or polishing can be omitted. Thus the substrate 
can be produced with a high yield even when ultra high 
uniformity is required. 

It is also possible to simultaneously bond two sec- 
5 ond substrate members onto both sides of the first sub- 
strate and conduct bonding, separation and layer trans- 
fer to obtain two substrate. 

By forming the second layer as a deposited film, 
particularly an epitaxial film, there can be excluded de- 
w fects specific to bulk Si, so that the production yield of 
the devices can be improved. Even in the current tech- 
nology, an epitaxial wafer having such film is employed 
for producing high-performance devices such as CPU. 
With the increasing size of the wafers, the preparation 
is of a high-quality crystal is considered more difficult, so 
that the quality of the bulk wafer will inevitably become 
lower. Accordingly, there will increase the necessity for 
the epitaxial Si film and the epitaxially grown film also in 
the bonding SOI. 

Also the conductive type and the impurity concen- 
tration of the semiconductor layer in the SOI substrate 
can be arbitrarily determined by controlling those of the 
epitaxial film. It is therefore possible to prepare, from the 
same first substrate member, the SOI substrate having 
the semiconductor layer of varied conductive types and 
impurity concentrations, so that use of an epitaxial film 
widens the range of applications. 

It is furthermore possible to easily obtain an SOI 
substrate having a high-concentration buried layer. 
Such advantages cannot be obtained by the method of 
separating the outermost layer of the bulk wafer by ion 
implantation, as disclosed in the Japanese Patent Ap- 
plication Laid-Open No. 5-211128. 

In case the first layer and the second layer are both 
constituted by epitaxial films, the substrate member is 
not consumed by the formation of the first layer and the 
second layer, so that the first substrate member can be 
semi-perpetually reused without any loss in the thick- 
ness. 

As explained in the foregoing, the present invention 
allows to transfer an Si layer of excellent crystal! in ity or 
a non-porous single-crystal compound semiconductor 
layer onto the insulating surface of an economically ex- 
cellent substrate having a large area while sufficiently 
suppressing cracks resulting from a difference in a lat- 
tice constant or in a thermal expansion coefficient which 
are the problem of the conventional methods, thereby 
forming a semiconductor layer of satisfactory crystallin- 
ity on the insulating surface of a substrate member. 

With reference to Figs. 2A to 2F, among the sub- 
strate producing methods of the present invention, an 
example of the method of conducting separation utiliz- 
ing a porous layer is described below. As shown in Fig. 
2A, there is prepared a first single-crystal substrate 
member 1 1 such as an Si wafer, and at least a first layer 
1 2 is formed on a main surface thereof. Then, as shown 
in Fig. 2B, at least a second layer 1 3 is formed at least 
on the first layer 12. The second layer 13 can be arbi- 
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trarily selected from a single-crystal Si layer, a polycrys- 
talline Si layer, an amorphous Si layer, a layer of which 
a porous surface layer is made non-porous, a metal film, 
a compound semiconductor film, a superconductive film 
and the like. A device structure such as a MOSFET may 
be formed in such layer or film. In case of the second 
layer having a multi-layered structure, there can be ob- 
tained an SOI structure having a buried layer. An insu- 
lating layer 14 such as of Si0 2 is formed on the outer- 
most layer of the second layer 1 3, in order to make the 
potential level of the bonding interface distant from an 
active layer. Then, as shown in Fig. 2C, the surface of 
a second substrate member 15 is bonded to the surface 
of the layer 1 4 of the first substrate member at the room 
temperature. 

In the case of depositing single-crystal Si as the 
second layer, the bonding is preferably conducted after 
oxidized Si is formed for example by thermal oxidation 
on the surface of such single-crystal Si. The second sub- 
strate member can be selected, for example, from an Si 
substrate, an Si substrate having an oxidized Si film 
thereon, a light-transmissive substrate such as quartz, 
a sapphire substrate and the like, but these examples 
are not restrictive and any substrate having a sufficiently 
smooth bonding surface may be employed. Fig. 2C 
shows a state in which the second substrate member is 
bonded to the first substrate member via the insulating 
layer 14 formed on the surface of the first substrate 
member, but the insulating layer 14 may be omitted in 
case of the second layer 1 3 being not composed of Si 
or of the second substrate member being not composed 
of Si. 

The bonding may be conducted by using three 
members, namely by interposing an insulating member 
between the first substrate member 11 and the second 
substrate member 1 5. 

A heat treatment is then applied in order to increase 
the bonding strength. 

Then, as shown in Fig. 2D, the two substrate mem- 
bers are separated by the interface of the first layer 12 
and the second layer 1 3. At the interface of the first layer 
and the second layer or in the vicinity thereof, there are 
in advance formed a latent factor constituting a separa- 
tion layer at the interface between the first layer 12 and 
the second layer 1 3 or in the vicinity thereof. The exam- 
ples of the factor defining the separation layer include, 
as described in the foregoing, a variation in the porosity 
or in the pore size resulting from the anodizing condi- 
tions or the subsequent heat treatment, a difference in 
the thermal expansion coefficient between two different 
materials, and introduction of an element, a defect layer 
or a bubble layer by the ion implantation. The separation 
can be achieved, as described in the foregoing, by the 
application of an external force such as a pressure, a 
traction, a shear or a wedge force, application of ultra- 
sonic wave or heat, application of an internal pressure 
to the porous Si by expansion from the periphery of the 
porous Si due to oxidation of the porous Si, application 


or a thermal stress by pulsed heating, or by softening, 
but these are not restrictive. 

As shown in Fig. 2E, there is obtained a semicon- 
ductor substrate in which the first layer 12 does not re- 

s main on the separating surface of the second layer 1 3. 
On the second substrate member 15, the second layer 
1 3 is formed in flat and uniformly thin state over the en- 
tire region of the substrate. Thus the semiconductor 
substrate, which is obtained by bonding the second sub- 

io strate member 15 and the first substrate 14 member 11 
via the insulating layer 14, constitutes an SOI substrate 
adequate for the preparation of isolated electronic de- 
vices. 

If the surface of the second substrate member 15 
15 after separation, namely the separated surface of the 
second layer, has unpermissible surface irregularities, 
there is conducted a surface smoothing treatment such 
as heat treatment in a non-oxidative atmosphere. 

The first substrate member 11 is used again as the 
first substrate member 11 or as the second substrate 
member 15 for the preparation of the SOI substrate, if 
necessary after the removal of the first layer 12 remain- 
ing on the first substrate member and the surface 
smoothing (cf. Fig. 2F). 

It is also possible, as shown in Figs. 3A to 3D, to 
use two semiconductor substrate members at the same 
time, bond two second substrate members to both sides 
of the first substrate member, employing the steps 
shown in Figs. 1 A to 1 D or in Figs. 2A to 2F. 

The first substrate member 21 can be used again 
as the first substrate member 21 or as the second sub- 
strate member 28 (or 29) for the preparation of another 
SOI substrate, if necessary after the removal of the first 
layer 22 or 23 remaining on the first substrate member 
and after the surface smoothing when the surface has 
unpermissible irregularities. 

The substrate members 28 and 29 need not be of 
the same material. Also the non-porous films 24, 25 
need not be of a same material, and the insulating layers 
26 and 27 may be omitted. 

Figs. 4A to 4D show, among the substrate produc- 
ing methods of the present invention, a method of con- 
ducting separation by using a plurality of porous layers. 

On the surface of a first substrate 101 , as shown in 
Fig. 4A, there is formed a porous region 1 04 consisting 
of a first porous layer 102 and a second porous layer 
103 of a higher porosity in comparison with the first po- 
rous layer 102. The porous region may be obtained by 
making porous the surface portion of a non-porous sub- 
strate member or by forming a porous region on the sur- 
face of a non-porous substrate member. The second po- 
rous layer 103 is preferably made thicker than the first 
porous layer 102. 

Then, as shown in Fig. 4B, the first porous layer 1 02 
is converted into a non-porous layer 102'. Such conver- 
sion can be achieved, for example, by a heat treatment 
of the porous layer 102 in a non-oxidative atmosphere. 
The non-oxidative atmosphere is desirably hydrogen- 
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containing atmosphere as described above, and the 
temperature of the heat treatment is less than the melt- 
ing point of the material constituting the porous layer, 
specifically within a range from 600°C to 1400°C, pref- 
erably from 900°C to 1200°C. The heat treating time is 
suitably determined according to the porosity and the 
thickness of the first porous layer so as to convert the 
first porous layer entirely to a non-porous layer. In this 
operation, the second porous layer 103 is not converted 
into a non-porous layer. 

Then the first substrate 101 is bonded to a second 
substrate 1 06, as shown in Fig. 4C, such that the surface 
of the non-porous layer 102' is in contact with the sur- 
face of the second substrate 106, if necessary via an- 
other layer 105. 

Such another layer 1 05 is composed of a material 
different from that of the layer 102', and may be formed 
in advance on either of or both of the surfaces of the 
layer 102' and the second substrate member 106 prior 
to the ponding. 

The layer 105 may also be omitted when the layer 
102' and the second substrate member 106 are of dif- 
ferent materials. 

Then, as shown in Fig. 4D, the bonded substrate 
members 101 and 106 are separated by the application 
of an external force or by the generation of an internal 
pressure, whereby the substrate members are mutually 
divided by the interface between the second porous lay- 
er 103 and the non-porous layer 1 02', which is different 
from the bonding interface. In this operation, a part of 
the second porous layer 103 in the vicinity of such sep- 
arating interface may be broken and lost. 

Since the separation can be achieved without the 
porous layer 103 remaining on the separated surface of 
the layer 1 02', the second substrate 1 06 having the layer 
102' thereon need not be subjected to selective etching 
or selective polishing. 

The second substrate 106 having the layer 102' 
may be heat treated, if necessary, in order to flatten the 
separated surface of the layer 102'. 

The layer 1 02' can be formed by epitaxially growing 
a single-crystal semiconductor layer on the second po- 
rous layer 103. The layer 102' may be also formed by 
making the porous layer 102 non-porous and then epi- 
taxially growing a single-crystal semiconductor layer 
thereon. 

When the layer 1 02' comprises silicon, the layer 1 05 
comprises a silicon oxide layer, for example, by oxidiz- 
ing the surface of the layer 102'. When the layer 102' 
does not include the single-crystal semiconductor layer 
formed by epitaxial growth as described above, this sil- 
icon oxide layer is preferably formed as a very thin layer. 

Further, between the second porous layer 103 and 
the substrate member 101 , a third porous layer may be 
formed which has a porosity smaller than that of the sec- 
ond porous layer 1 03. 
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[Example 1] 

The surface of a first single-crystal Si substrate 
member was anodized in HF solution under the follow- 
ing conditions. 

Conditions for forming an outermost first porous layer to 
be formed at first: 



current density j 

1 mA«cnv 2 

10 

anodizing solution 

HF:H 2 0:C 2 H 5 OH = 1:1:1 


time 

0.1 min 


thickness of porous Si j 

0.02 \im 

15 

Conditions for forming 

a second porous layer to be 

formed next: 



current density j 

50 mA-crrr 2 


anodizing solution I 

HF:H 2 0:C 2 H 5 OH = 1:1:1 

20 

time j 

5 sec 


thickness of porous Si j 

0.1 u/n 


Conditions for forming a third porous layer to be 

formed at last: 


25 




current density 

7 mA»cm' 2 


anodizing solution 

HF:H 2 0:C 2 H 5 OH= 1:1:1 


time 

1 min 

30 

thickness of porous Si j 

1 jim 


Under these anodizing conditions, the second po- 
rous Si layer formed by using a current density of 50 
mA«cm" 2 and having a thickness thicker than the first 
porous layer exhibits a larger porosity and becomes 
structurally more fragile in comparison with the other po- 
rous Si layers. 

The substrate member was then oxidized for 1 hour 
at 400°C in an oxygen atmosphere, whereby the internal 
surface of the pores of the porous Si was covered with 
a thermal oxide film. The wafer as the first substrate 
member was then placed under a hydrogen atmosphere 
in an epitaxy apparatus, and then was baked for 5 min- 
utes at 1 040°C, whereby the pores of the surface region 
of the porous Si were filled and the outermost first po- 
rous Si layer, which was formed with the current density 
of 1 mA^cm* 2 , was converted into non-porous state by 
the migration of Si atoms. 

Subsequently, on the porous Si having the surface 
made non-porous, single-crystal Si was epitaxially 
grown with a thickness of 0.3 pm by CVD (chemical va- 
por deposition), under the following growing conditions: 


Source gas 

t ; 

SiH 2 CI 2 /H 2 

gas flow rate 

| 0.5/180 l/min 

gas pressure 

I 80 Tbrr 

temperature 

\ 950°C 
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(continued) 
growth rate — I 0.3|jm/min. 


Then an Si0 2 layer of a thickness of 200 nm was 5 
formed by thermal oxidation in the surface region of the 
epitaxially grown Si layer. 

The surface of the Si0 2 layer of the first substrate 
member was superposed and brought into contact with 
the surface of another Si substrate member (second 
substrate member) and heat treatment was conducted 
for 5 minutes at 1180°C, whereby strong bonding was 
obtained. 

The bonded substrate members were separated by 
the application of an external force, whereby the second 
porous layer of a larger porosity was broken and the di- 
vision took place at the interface between the non-po- 
rous layer and the porous layer. 

As a result, there could be obtained an SOI sub- 
strate having a single-crystal Si layer of a thickness of 
0.2 nm on the Si oxide film formed on the second sub- 
strate member. Porous Si did not remain on the surface 
(separated surface) of the single-crystal Si layer. The 
thickness of thus formed single-crystal Si layer, meas- 
ured at 1 00 points over the whole region thereof, exhib- 
ited a uniformity of 201 ± 4 nm. 

The SOI surface is rough, but the substrate in this 
state is preferably used in the applications in which the 
surface property is not important, such as in the prepa- 
ration of a solar cell or micromechanics. However, in the 
applications very sensitive to the surface property, such 
as the production of a thin film transistor, it is necessary 
to flatten the surface of the obtained substrate by effect- 
ing a heat treatment for example at 1100°C in a non- 
oxidative atmosphere such as hydrogen. The surface 
roughness after the heat treatment which was evaluated 
by an atomic force microscope was about 0.2 nm in the 
root-mean-square in a region of 50 pm square and was 
equal to that of the commercially available Si wafer. 

The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single -crystal Si layer did not exhibit generation 
of any new crystal defects but maintained excellent crys- 
tallinity. 

The first substrate member was subjected to the se- 
lective etching of the remaining porous Si thereon in a 
mixture of 49% hydrofluoric acid 30% hydrogen perox- 
ide solution under agitation, then to annealing in a hy- 
drogen atmosphere, and was thereafter used again as 
the first or the second substrate member. The third po- 
rous layer may also be omitted. 

[Example 2] 

The surface of a first single-crystal Si substrate 
member was anodized in HF solution under the follow- 
ing conditions, thereby making the surface porous: 


current density 

7 mA«cm* 2 

anodizing solution 

HF:H 2 0:C 2 H 5 OH = 1:1:1 

time 

5 min 

thickness of porous Si 

5 pm 


Next, single-crystal silicon was epitaxially grown 
with a thickness of 0.3 ujti by CVD under the following 
growing conditions, on thus formed porous Si without 
oxidation thereof: 


Source gas 

SiH 2 Cl2/H 2 

gas flow rate 

0.5/180 l/min 

gas pressure 

80 Torr 

temperature 

950°C 

growth rate 

0.3uin/min. I 


Then an Si0 2 layer of a thickness of 200 nm was 
formed by thermal oxidation in the surface of the epitax- 
ially grown Si layer. 

The surface of the Si0 2 layer of the first substrate 
member was superposed and brought into contact with 
the surface of another Si substrate member (second 
substrate member) and the bonded substrate members 
were annealed for 5 minutes at 1180°C, whereby strong 
bonding was obtained. 

The bonded substrates were separated by the ap- 
plication of an external force, whereby the separation 
took place immediately under the epitaxial layer. 

As explained in the foregoing, when after anodiza- 
tion the porous Si layer is subjected to the process of 
epitaxial growth, oxidation, bonding and high-tempera- 
ture treatment without low-temperature oxidation, it un- 
dergoes a structural change, whereby the small pores 
obtained by the anodization coagulate mutually to ex- 
pand the pore size. Since such pore expansion imme- 
diately under the epitaxial layer causes the strain be- 
tween the porous Si layer and the epitaxial Si layer, the 
separation takes place at the interface therebetween by 
the strain. 

As a result, there could be obtained a single-crystal 
Si layer of a thickness of 0.2 pm on the Si oxide film of 
the second substrate member. The porous Si did not re- 
main on the separated surface of the single-crystal Si 
layer. The thickness of thus formed single-crystal Si lay- 
er measured at 1 00 points over the entire region thereof 
exhibited a uniformity of 201 ± 4 nm. 

The SOI surface is rough, but the obtained sub- 
strate in this state is preferably used in the applications 
in which the surface property is not important, such as 
in the production of a solar cell or micromechanics. How- 
ever, in the present example, there was conducted a 
heat treatment at 1100°C in a hydrogen atmosphere. 
The surface roughness which was evaluated by an 
atomic force microscope was about 0.2 nm in the root- 
mean-square in a region of 50 |j.m square and was equal 


15 


20 


25 


30 


35 


40 


45 


50 


55 


12 


21 


EP 0 867 921 A2 


22 


to that of the commercially available Si wafer. 

The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single -crystal Si layer did not exhibit generation 
of any new crystal defects but maintained excellent crys- s 
tallinity. 

The first substrate member was subjected to the se- 
lective etching of the remaining porous Si in a mixture 
of 49% hydrofluoric acid 30% hydrogen peroxide solu- 
tion under agitation, thereby removing porous Si, and 10 
then to surface polishing, whereby the obtained sub- 
strate member could thereafter be used again as the first 
or the second substrate member. 

[Example 3] 15 

The surface of a first single-crystal Si substrate 
member was anodized by immersion in HF solution un- 
der the following conditions, thereby making the surface 
porous: 20 


current density 

7 mA«cnrr 2 

anodizing solution 

HF:H 2 0:C 2 H 5 OH = 1:1:1 

time 

I 3min 

thickness of porous Si 

3um 


Next, the substrate member was oxidized for 1 hour 
at 400°C in an oxygen atmosphere, whereby the internal 
surface of the pores in the porous Si was covered with 
a thermal oxide film. Then, on the porous Si, single-crys- 
tal Si was epitaxially grown with a thickness of 0.15 ujti 
by CVD under the following growing conditions: 


Source gas 

SiH 2 Cl2/H 2 

gas flow rate 

0.5/180 l/min 

gas pressure 

80 Torr 

temperature 

! 950°C 

growth rate 

i 0.3jim/min. 


Then an Si0 2 layer of a thickness of 100 nm was 
formed by thermal oxidation in the surface region of the 
epitaxially grown Si layer. 

Hydrogen ion implantation was conducted from the 
surface of the wafer as the first substrate member in 
such a manner that the projected stroke reaches the vi- 
cinity of the porous Si/epitaxial Si interface. The ions to 
be implanted are not respective but can be of any ele- 
ment that can generate a separation layer such as an 
implantation damaged layer, a high concentration layer 
of the implanted element (strain layer) or a bubble layer 
at the interface. 

The surface of the Si0 2 layer of the first substrate 
member was superposed and brought into contact with 
the surface of another Si substrate member (second 
substrate member) and was annealed for 5 minutes, 
whereby strong bonding was obtained. The annealing 


is conducted under such condition that the implantation 
damaged layer, the high concentration layer of the im- 
planted element (strain layer) or the bubble layer does 
not diffuse, and such layer constitute a separation layer. 

The bonded substrate members were separated by 
the application of an external force, whereby the sepa- 
ration took place at the interface of the porous Si layer 
and the epitaxial Si layer. 

As a result, there could be obtained a single-crystal 
Si layer of a thickness of 0.1 u/n on the Si oxide film of 
the second substrate member. Porous Si did not remain 
on the separated surface of the single-crystal si layer. 
The thickness of thus formed single-crystal Si layer 
which was measured at 1 00 points over the entire region 
thereof exhibited a uniformity of 101 ± 2 nm. 

Then there was conducted a heat treatment for 1 
hour at 1100°C in hydrogen. The surface roughness 
evaluated by an atomic force microscope was about 0.2 
nm in the root-mean -square in a region of 50 pirn square 
and was equal to that of the commercially available Si 
wafer. 

The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single-crystal Si layer did not exhibit generation 
of any new crystal defects but maintained excellent crys- 
tallinity. 

The first substrate member was subjected to the re- 
moval of the remaining porous Si by selective etching 
in a mixture of 49% hydrofluoric acid 30% hydrogen per- 
oxide solution under agitation, and could thereafter be 
reused as the first or the second substrate member. 

[Example 4] 

The surface of a first single-crystal Si substrate 
member was anodized by immersion in HF solution un- 
der the following conditions, thereby making the surface 


porous: 

current density 

I 7 mA*cm* 2 

anodizing solution 

HF:H 2 0:C 2 H 5 OH = 1:1:1 

time 

5 min 

thickness of porous Si 

5um 


Next, the substrate member was oxidized for 1 hour 
at 400° C in an oxygen atmosphere, whereby the internal 
surface of the pores in the porous Si was covered with 
a thermal oxide film. Then the oxide film in the surface 
portion of the porous Si layer was removed with HF. 
Thus the internal walls of the pores in the surface portion 
of the porous Si layer were not covered with the oxide 
film, but the internal walls of the pores only in the lower 
portion of the porous Si layer were covered with the ox- 
ide film. Then the substrate member was baked for 5 
minutes at 1040°C in hydrogen, whereby the surface 
pores of the porous Si were filled. Then, on the surface 
of the porous Si having the filled pores, there were epi- 
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taxially grown p* epitaxial layer of single-crystal Si with 
a thickness of 0.5 ujti and n + epitaxial layer of single- 
crystal Si with a thickness of 1 .0 jim by CVD under the 
following growing conditions: 


source gas 

SiH 2 Cl2/H 2 

gas flow rate 

0.5/180 l/min 

gas pressure 

80 Torr 

temperature 

950°C 

growth rate 

0.3u,m/min. 


Then an Si0 2 layer of a thickness of 200 nm was 
formed by thermal oxidation in the surface region of the 
epitaxially grown Si layer. 

The surface of the Si0 2 layer of the first substrate 
member was superposed and brought into contact with 
the surface of another Si substrate member (second 
substrate member) and was annealed for 5 minutes at 
1 180*0, whereby strong bonding was obtained. 

The bonded substrate members were separated by 
the application of an external force, whereby the division 
took place immediately under the p* epitaxial layer. 

Since there were conducted oxidation of the internal 
walls of the pores, removal of the formed oxide film and 
baking in hydrogen, prior to the epitaxial growth on the 
porous Si, the surface side layer of the porous Si lacking 
the oxide film on the pore wall by removal with HF ex- 
hibited pore coagulation, whereby the surface side layer 
having a lowered mechanical strength was formed as 
the separation layer immediately under the non-porous 
layer. 

As a result, there could be obtained a single-crystal 
Si layer of a thickness of 1 .4 u.m with an n + buried layer, 
on the Si oxide film of the second substrate member. 
Porous Si did not remain on the surface of thus formed 
single -crystal Si layer, and the thickness of the single- 
crystal Si layer measured at 100 points over the entire 
area region thereof exhibited a uniformity of 1 .4 ± 0.02 
urn 

Then the substrate member was subjected to a heat 
treatment for 1 hour at 1 1 00° C in hydrogen. The surface 
coarseness evaluated thereafter by an atomic force mi- 
croscope was about 0.2 nm in the averaged square 
coarseness in a region of 50 pm square and was equal 
to that of the commercially available Si wafer. 

The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single-crystal Si layer did not exhibit generation 
of any new crystal defects but maintained excellent crys- 
tallinity. 

The first substrate member was subjected to the 
surface polishing of the remaining porous Si, and could 
thereafter be reused as the first or the second substrate 
member. 


[Example 5] 

The surface of a first single-crystal Si substrate 
member was anodized by immersion in HF solution un- 
5 der the following conditions, thereby making the surface 
porous: 


current density 

7 mA«cnr 2 

anodizing solution 

HF:H 2 0:C 2 H 5 OH = 1:1:1 

time 

5 min 

thickness of porous Si 

5 u.m 


Next, the substrate member was oxidized for 1 hour 
at 400°C in an oxygen atmosphere, whereby the internal 
surface of the pores in the porous Si was covered with 
a thermal oxide film. Then the thermal oxide film in the 
surface portion of the porous Si was removed with HF. 
Then the wafer as the first substrate member was 
placed in an epitaxy apparatus and was baked for 5 min- 
utes at 1040°C in hydrogen to fill the pores on the sur- 
face side of the porous Si. On the surface of the porous 
Si having thus filled surface pores, single-crystal GaAs 
was epitaxially grown with a thickness of 0.5 jxm by 
MOCVD (metal organic chemical vapor deposition) un- 
der the following growing conditions: 


source gas 

TMG/AsHa/H 2 

gas pressure 

80 Torr 

temperature 

700°C. 


The surface of the GaAs layer of the first substrate 
member was superposed and brought into contact with 
the surface of another Si substrate member (second 
substrate member) and was annealed for 1 hour at 
700° C, whereby strong bonding was obtained. 

The bonding substrate members were separated by 
the application of an external force, whereby the division 
took place immediately under the GaAs epitaxial layer. 

Since the surface side layer of the porous Si was 
subjected to removal of the oxide film on the pore walls 
with HF during baking in hydrogen prior to the epitaxial 
growth, the surface side layer lacking the oxide film on 
the pore wall exhibited pore coagulation and had a low- 
ered mechanical strength, thereby forming a separative 
layer. 

As a result, there could be obtained a single-crystal 
GaAs layer of a thickness of 0.5 pm on the second Si 
substrate member. The thickness of thus formed single- 
crystal GaAs layer measured at 100 points over the en- 
tire region thereof exhibited a uniformity of 0.5 ± 0.01 
um 

Thereafter surface touch polishing was conducted 
since the surface of the GaAs layer was rough and it 
was possible to have remainder of Si. Thus the polished 
surface roughness was equal to that of the commercially 
available GaAs wafer. 
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The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single-crystal GaAs layer did not exhibit genera- 
tion of any new crystal defects but maintained excellent 
crystallinity. 5 

As the second substrate member, a surface-oxi- 
dized Si substrate member may be used instead of the 
Si substrate member. Also the bonding may be conduct- 
ed after the formation of a deposited Si0 2 film on the Si 
substrate member or on the GaAs film. In such case, io 
the finally obtained substrate is used as GaAs on an in- 
sulating substrate member. 

The first substrate member was subjected to selec- 
tive etching with a mixture of 49% hydrofluoric acid 30% 
hydrogen peroxide solution under agitation to remove is 
the remaining porous Si on the first substrate member, 
and could thereafter be used again as the first or the 
second substrate member. 

[Example 6] 20 

On a first single-crystal Si substrate member, sin- 
gle-crystal Ge was epitaxially grown with a thickness of 
0.02 u.m by CVD under the following growing conditions: 


source gas 

GeH 4 /H 2 

gas flow rate 

0.1/180 l/min 

gas pressure 

80 Torr 

temperature 

700°C 

growth rate 

0.05 u.m/min. 


Then on the epitaxial Ge layer, single-crystal Si was 
epitaxially grown with a thickness of 0.5 jim by CVD un- 
der the following growing conditions: 


source gas 

SiH 4 Cl2/H 2 

gas flow rate 

0.5/180 l/min 

gas pressure 

80 Torr 

temperature 

950°C 

growth rate 

0.3 u,m/min. 


Then an Si0 2 layer having a thickness of 200 nm 
was formed by thermal oxidation in the surface region 
of the epitaxially grown Si layer. 

The surface of the Si0 2 layer was superposed and 
brought into contact with the surface of a separate Si 
substrate member (second substrate member) and was 
annealed for 5 minutes at 1180°C, whereby strong 
bonding was obtained. 

The bonded substrate members were separated by 
the application of an external force, whereby the sepa- 
ration took place at the epitaxial Si/Ge interface. 

It is already known that defects are introduced into 
the interface due to a difference in a lattice constant be- 
tween Si and Ge. Also, if either layer is ultra thin, the 
defects tend to be introduced into such ultra thin film. 


Accordingly, in the present example, the defects are in- 
troduced into the Ge film. Because of such difference in 
the lattice constant and introduction of defects, the Si/ 
Ge interface becomes weaker and causes cleavage. 

As a result, there could be obtained a single-crystal 
Si layer having a thickness of 0.5 u.m, on the Si oxide 
film. The thickness of the single-crystal Si layer meas- 
ured at 100 points over the entire region thereof exhib- 
ited a uniformity of 501 ±10 nm. 

Further, a heat treatment was conducted for 1 hour 
at 1100°C in hydrogen. The surface roughness evaluat- 
ed thereafter by an atomic force microscope was about 
0.2 nm in the root-mean-square in a region of 50 pm 
square and was equal to that of the commercially avail- 
able Si wafer. 

The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single-crystal Si layer did not exhibit generation 
of any new crystal defects but maintained excellent crys- 
tallinity. 

The first substrate member was subjected to re- 
moval of the remaining Ge layer by surface polishing 
and could be used again as the first or the second sub- 
strate member. 

[Example 7] 

The surface of a first single-crystal Si substrate 
member was anodized by immersion in HF solution un- 
der the following conditions. 

Conditions for forming a first porous layer to be formed 
at first: 


current density 
anodizing solution 
time 

thickness of porous Si 

1 mA«crrv 2 

HF:H 2 0:C 2 H 5 OH = 1:1:1 
0.1 min 
0.02 jam. 

Conditions for forming a second porous layer: 

current density 
anodizing solution 
time 

thickness of porous Si 

50 mA-cnrv 2 

HF:H 2 0:C 2 H 5 OH = 1:1:1 
5 sec 
0.1 urn 

Conditions for forming a third porous layer: 

current density 
anodizing solution 
time 

thickness of porous Si 

7 mA»cm' 2 

HF:H 2 0:C 2 H 5 OH = 1:1:1 
1 min 
1 um 


Under these anodizing conditions, the second po- 
rous Si layer formed with a current density of 50 
mA«cm" 2 having a thickness layer than the first porous 
layer exhibited a largest porosity and becomes structur- 
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ally more fragile layer. 

The substrate member was then oxidized for 1 hour 
at 400°C in an oxygen atmosphere, whereby the internal 
surface of the pores of the porous Si was covered with 
a thermal oxide film. The wafer as the substrate member 
was then placed in an epitaxy apparatus, and was baked 
for 5 minutes at 1040°C in a hydrogen atmosphere, 
whereby the pores on the surface side of the porous Si 
were filled. As a result, the outermost first porous Si lay- 
er formed with the current density of 1 mA«cnr 2 was con- 
verted into non-porous state. Subsequently, on the layer 
converted into the non-porous state, single-crystal Si 
was epitaxially grown with a thickness of 0.3 ujti by C VD, 
under the following growing conditions: 


1 

source gas 

SiH 2 Cl2/H 2 

gas flow rate 

0.5/180 l/min 

gas pressure 

80 Torr 

temperature 

950°C 

growth rate 

0.3|im/min. 


Then an Si0 2 layer having a thickness of 200 nm 
was formed by thermal oxidation in the surface region 
of the epitaxially grown Si layer. 

A separate quartz substrate member (second sub- 
strate member) was surface-treated with N 2 plasma and 
rinsed with water. Then, the surface of the Si0 2 layer of 
the first substrate was superposed and brought into con- 
tact with the plasma-treated surface of the quartz sub- 
strate member, and heat treatment was conducted for 
60 minutes at 400°C, whereby strong bonding was ob- 
tained. 

The bonded substrate member were separated by 
the application of an external force, that is, by causing 
destruction of the layer having a larger porosity imme- 
diately under the non-porous Si layer to divide into two 
substrate members. 

Since the first porous Si layer was made non-po- 
rous by the baking in hydrogen prior to the epitaxial 
growth on the porous Si, the porous Si layer formed with 
the current density of 50 mA^crrv 2 and provided imme- 
diately under the non-porous Si became the layer hav- 
ing highest porosity. 

As a result, there could be obtained a non-porous 
single-crystal Si layer having a thickness of 0.2 u.m on 
the Si oxide film of the second substrate member. Po- 
rous Si did not remain on the surface of the single-crystal 
Si layer. The thickness of thus formed single-crystal Si 
layer measured at 100 points over the entire region 
thereof exhibited a uniformity of 201 ± 4 nm. 

Further, a heat treatment was conducted for 3 hours 
in hydrogen at a temperature of 1000°C or lower. The 
surface roughness evaluated by an atomic force micro- 
scope was about 0.2 nm in the root-mean-square in a 
region of 50 jam square and was equal to that of th e com- 
mercial ly available Si wafer. 

The cross-sectional observation by a transmission 


electron microscope confirmed that the epitaxially 
grown single-crystal Si layer did not exhibit generation 
of any new crystal defects but maintained excellent crys- 
tal I in ity. 

s The first substrate member was subjected to selec- 
tive etching with a mixture of 49% hydrofluoric acid and 
30% hydrogen peroxide solution under agitation to re- 
move the porous Si remaining on the first substrate 
member. Then, the first substrate member was subject- 

10 ed to annealing in a hydrogen atmosphere, and could 
thereafter be used again as the first or the second sub- 
strate member. The third porous layer may also be omit- 
ted. 

is [Example 8] 

The surface of a first single-crystal Si substrate 
member was anodized by immersion in HF solution un- 
der the following conditions. 
20 Conditions for forming a first porous layer to be formed 
at first: 


current density 
anodizing solution 
time 

thickness of porous Si 

1 mA»cnrr 2 

HF:H 2 0:C 2 H 5 OH = 1:1:1 
0.25 min 
0.05 um 

Conditions for forming a second porous layer: 

current density 
anodizing solution 
time 

thickness of porous Si 

50 mA«cm -2 

HF:H 2 0:C 2 H 5 OH = 1:1:1 
5 sec 
0.1 um 


Conditions for forming a third porous layer to be formed 
finally: 


current density 

7 mA«cm" 2 

anodizing solution 

HF:H 2 0:C 2 H 5 OH = 1:1:1 

time 

1 min 

thickness of porous Si 

1 jim. 


45 Under these anodizing conditions, the second po- 
rous Si layer formed with a current density of 50 
mA«cnrr 2 became thicker than the first porous layer and 
exhibited a largest porosity, whereby the second porous 
Si layer becoming structurally fragile. 

so The substrate member was then oxidized for 1 hour 
at 400°C in an oxygen atmosphere, whereby the internal 
surface of the pores of the porous Si was covered with 
a thermal oxide film. The wafer as the first substrate 
member was then placed in a hydrogen baking appara- 

55 tus, and was baked for 5 minutes at 1 040°C in a hydro- 
gen atmosphere, whereby the pores on the surface side 
of the porous Si were filled. As a result, the outermost 
first porous Si layer formed with the current density of 1 
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mA«cm" 2 was converted into non- porous state. Thus ob- 
tained non-porous layer was a single-crystal layer of ex- 
cellent quality. 

Then, without vapor epitaxial growth, Si0 2 layer 
having a thickness of 20 nm was formed by thermal ox- 
idation in the surface region of the epitaxially grown Si 
layer. 

The surface of the Si0 2 layer was superposed and 
brought into contact with the surface of another Si sub- 
strate member (second substrate member) and heat 
treatment was conducted for 5 minutes at 1180°C, 
whereby strong bonding was obtained. 

The bonded substrate member were separated by 
the application of an external force, that is, by causing 
destruction of the layer having a largest porosity to di- 
vide into two substrate members. 

The heat treatment on the surface of porous Si has 
a function of moving Si atoms, thereby filling the pores 
on the surface side. Also H 2 removes the surface oxide 
film and prevents the regeneration thereof (N. Sato et 
al. J. Electrochem. Soc, Vol. 142, No. 9, 3116 (1996)). 
In the H 2 baking, the Si atoms constituting the first po- 
rous Si layer are consumed for filling the pores, whereby 
the second porous Si layer formed with the current den- 
sity of 50 mA«crrr 2 and provided immediately under the 
outermost layer of non-porous single-crystal Si exhibit- 
ed the highest porosity. 

As a result, there could be obtained a single-crystal 
Si layer having a thickness of 40 nm on the Si oxide film 
of the second substrate member. The thickness of thus 
formed single-crystal Si layer measured at 100 points 
over the entire region thereof exhibited a uniformity of 
40±0.8nm. 

Further, a heat treatment was conducted for 1 hour 
in hydrogen at 1000°C. The surface roughness evalu- 
ated by an atomic force microscope was about 0.2 nm 
in the root-mean -square in a region of 50 pm square and 
was equal to that of the commercially available Si wafer. 

The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single -crystal Si layer did not exhibit generation 
of any new crystal defects but maintained excellent crys- 
tallinity. 

The first substrate member was, subjected to selec- 
tive etching with in a mixture of 49% hydrofluoric acid 
30% hydrogen peroxide under agitation to remove the 
porous Si remaining thereon. Then, the first substrate 
was subjected to annealing in a hydrogen atmosphere 
and could thereafter be used again as the first or the 
second substrate member. The third porous layer may 
also be omitted. 

[Example 9] 

The surface of a first single-crystal Si substrate was 
anodized by immersion in HF solution under the follow- 
ing conditions, thereby making the surface porous: 


current density 

| 1 mA«crrr 2 

anodizing solution 

HF:H 2 0:C 2 H 5 OH = 1:1:1 

time 

| 0.5 min 

thickness of porous Si 

| 0.1 urn. 


The substrate member was then oxidized for 1 hour 
at 400°C in an oxygen atmosphere, whereby the internal 
surface of the pores of the porous Si was covered with 
a thermal oxide film. The wafer as the first substrate 
member was then placed in an epitaxy apparatus, and 
was baked for 5 minutes at 1040°C in a hydrogen at- 
mosphere, whereby the pores on the surface side of the 
porous Si were filled. Subsequently, single-crystal sili- 
con was epitaxially grown with a thickness of 0.3 nm by 
CVD on thus formed porous Si under the following grow- 
ing conditions: 


source gas 

SiH 2 Cl2/H 2 

gas flow rate 

0.5/180 l/min 

gas pressure 

80Torr 

temperature 

! 950°C 

growth rate 

| 0.3^m/min. 


Then an Si0 2 layer having a thickness of 200 nm 
was formed by thermal oxidation in the surface region 
of the epitaxially grown Si layer. 

The surface of the Si0 2 layer was superposed and 
brought into contact with the surface of another Si sub- 
strate member (second substrate member) and was an- 
nealed for 5 minutes at 1 1 80°C, whereby strong bonding 
was obtained. 

The bonded substrate members were separated by 
the application of an external force to divide them by the 
thin porous layer. 

As a result, there could be obtained a single-crystal 
Si layer having a thickness of 0.2 ^im on the Si oxide film 
of the second substrate member. The porous layer 
which remained without conversion into the non-porous 
state did not remain as a layer after the separation but 
only remained as surface roughness on the single-crys- 
tal Si layer. The thickness of thus formed single-crystal 
Si layer measured at 100 points over the entire region 
thereof exhibited a uniformity of 201 ± 4 nm. 

For the applications very sensitive to the surface 
property, such as production of a thin film transistor, a 
heat treatment was further conducted for 1 hour at 
1100°C in a hydrogen atmosphere. The surface rough- 
ness evaluated by an atomic force microscope was 
about 0.2 nm in the root-mean-square in a region of 50 
ujti square and was equal to that of the commercially 
available Si wafer. 

The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single-crystal Si layer did not exhibit generation 
of any newcrystal defects but maintained excellent crys- 
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tal Unity. 

The first substrate member with surface roughness 
was subjected to surface smoothing treatment by hydro- 
gen annealing without etching or polishing, and could 
thereafter be used again as the first or the second sub- 
strate. 

[Example 10] 

The surface of a first single-crystal Si substrate 
member was anodized by immersion in HF solution un- 
der the following conditions, thereby making the surface 
porous: 


current density 

1 mA*crrv 2 

anodizing solution 

HF:H 2 0:C 2 H 5 OH = 1:1:1 

time 

1 min 

thickness of porous Si 

0.2 jim. 


The substrate member was then placed in an epi- 
taxy apparatus without oxidation of the internal surface 
of the pores in the porous layer and was baked for 5 
minutes at 1040°C in a hydrogen atmosphere, whereby 
the pores on the surface side of the porous Si were filled. 
Subsequently, single-crystal Si was epitaxially grown 
with a thickness of 0.3 jam by CVD under the following 
growing conditions, on thus formed porous Si: 


source gas 

SiHgClg/Hg 

gas flow rate 

0.5/180 l/min 

gas pressure 

80 Torr 

temperature 

950°C 

growth rate 

0.3u.m/min. 


Then an Si0 2 layer having a thickness of 200 nm 
was formed by thermal oxidation in the surface region 
of the epitaxially grown Si layer. 

The surface of the Si0 2 layer was superposed and 
brought into contact with the surface of another Si sub- 
strate member (second substrate member) and was an- 
nealed for 5 minutes at 1 1 80°C, whereby strong bonding 
was obtained. 

The bonded substrate members were separated by 
the application of an external force to divide them by the 
thin portion of the porous layer which remained without 
being converted into the non-porous state. 

As a result, there could be obtained a single-crystal 
Si layer having a thickness of 0.2 |im on the Si oxide 
film. Since the internal wall of the pores of the porous Si 
was not oxidized prior to the epitaxial growth, the porous 
Si immediately under the epitaxial layer became fragile. 
Also, since the porous layer which became fragile was 
very thin, it did not remain as a layer after the separation 
but only remained as surface roughness on the single- 
crystal Si layer. The thickness of thus formed single- 
crystal Si layer measured at 100 points over the entire 


region thereof exhibited a uniformity of 201 ± 4 nm. 

Further, a heat treatment was conducted for 1 hour 
at 1100°C in a hydrogen atmosphere. The surface 
roughness evaluated by an atomic force microscope 
s was about 0.2 nm in the root -mean -square in a region 
of 50 \im square and was equal to that of the commer- 
cially available Si wafer. 

The cross-sectional observation by a transmission 
electron microscope confirmed that the epitaxially 
grown single-crystal Si layer did not exhibit generation 
of any new crystal defects and maintained excellent 
crystallinity. 

The surface roughness on the first substrate mem- 
ber was removed by slight surface etching with a mixture 
of 49% hydrofluoric acid and 30% hydrogen peroxide 
solution. The first substrate was then subjected to hy- 
drogen annealing, and could thereafter be used again 
as the first or second substrate member. 

[Example 11] 

The surface of a first substrate member consisting 
of a single-crystal Si wafer was anodized by immersion 
in HF solution under the following conditions, thereby 
making the surface porous. 

Conditions for bonding a first porous layer to be formed 
at first: 


current density 
anodizing solution 
time 

thickness of porous Si 

1 mA*crrv 2 

HF:H 2 0:C 2 H 5 OH = 1:1:1 
0.1 min 
0.02 um. 

Conditions for forming a second porous layer to be 
formed next: 

current density 
anodizing solution 
time 

thickness of porous Si 

50 mA«cm" 2 

HF:H 2 0:C 2 H 5 OH = 1:1:1 
5 sec 
0.1 um 


Under these anodizing conditions, the second po- 
rous Si layer formed with a current density of 50 
mA»cm* 2 became thicker than the first porous layer and 
exhibited a larger porosity, thereby becoming structur- 
ally fragile. 

The substrate member was then oxidized for 1 hour 
at 400°C in an oxygen atmosphere, whereby the internal 
surface of the pores of the porous Si was covered with 
a thermal oxide film. The wafer was then placed in an 
epitaxy apparatus, and was baked for 5 minutes at 
1 040°C in a hydrogen atmosphere, whereby the first po- 
rous layer was converted to a non-porous single-crystal 
Si layer. The second porous layer was provided imme- 
diately under the non-porous single-crystal Si layer. 

Subsequently, single-crystal Si was epitaxially 
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grown with a thickness of 0.3 urn by CVD under the fol- 
lowing growing conditions, on thus formed non-porous 

Si: 


source gas 

SiH 2 Cl2/H 2 

gas flow rate 

0.5/180 l/min 

gas pressure 

80Torr 

temperature 

950°C 

growth rate 

0.3ujri/min. 


Then an Si0 2 layer having a thickness of 20 nm was 
formed by thermal oxidation in the surface region of the 
epitaxial ly grown Si layer. 

Separately, a single-crystal Si wafer was prepared 
as the second substrate member. 

The surface of the Si0 2 layer on the first substrate 
was superposed and brought into contact with the Si 
surface of the second substrate member, and annealing 
was conducted for 5 minutes at 1 1 80°C, whereby strong 
bonding was obtained. 

The bonded wafers as a composite member con- 
sisting of the bonded two substrate member, was sep- 
arated by the application of an external force to divide 
them by the second porous layer having a higher poros- 
ity. 

As explained in the foregoing, the baking in hydro- 
gen prior to the epitaxial growth causes migration of at- 
oms constituting the first porous Si to fill the pores, 
thereby forming a non-porous layer which is integrated 
with the epitaxial layer to form a non-porous single-crys- 
tal Si layer. 

As a result, there could be obtained a single-crystal 
Si layer having a thickness of 0.2 u,m on the Si oxide 
film. The thickness of thus formed single-crystal Si layer 
measured at 100 points over the entire region thereof 
exhibited a uniformity of 201 ± 4 nm. Since the surface 
of the non-porous single-crystal Si layer on the second 
substrate member was rough, a heat treatment was 
conducted for 1 hour in hydrogen, at 1100°C. The sur- 
face roughness evaluated by an atomic force micro- 
scope was about 0.2 nm in the root -mean-square in a 
region of 50 ujti square. 

The surface roughness remaining on the first sub- 
strate member was removed by selective etching in a 
mixture of 49% hydrofluoric acid 30% hydrogen perox- 
ide solution under agitation. The first substrate member 
was then subjected to annealing in a hydrogen atmos- 
phere, and could thereafter be reused as the first or the 
second substrate member. 

In each of the above Examples, two SOI substrates 
can be simultaneously produced by using one first sub- 
strate member, forming the aforementioned layers on 
both surfaces of the first substrate member, and bonding 
two second substrate member to the both surfaces and 
separating two second substrate members from the 
bonded members. 

In the above Examples, polishing, heat treatment or 


etching is employed in order to remove the porous Si 
layer remaining on the first substrate member after the 
separation of the bonded substrate members. In case 
of etching, the following selective etching liquids may be 
5 employed as an etchant: 

hydrofluoric acid; 

hydrofluoric acid + hydrogen peroxide solution; 
hydrofluoric acid + alcohol; 
10 hydrofluoric acid + alcohol + hydrogen peroxide so- 
lution; 

buffered hydrofluoric acid; 
buffered hydrofluoric acid + hydrogen peroxide so- 
lution; 

is buffered hydrofluoric acid + alcohol; 

buffered hydrofluoric acid + alcohol + hydrogen per- 
oxide solution. 

Also, even wnen a general Si etching liquid is used, 
selective etching can be achieved to a certain extent by 
the very large surface area of porous Si. 

As explained in the foregoing, since according to 
the present invention, the remaining layer on the sepa- 
rated surface of the second substrate member substan- 
tially absent, the selective etching or selective polishing 
of the separated surface can be omitted and the sub- 
strate can be produced inexpensively. 
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1 . A method of producing a substrate, which compris- 
es the steps of: 

55 preparing a first substrate member having a 

first layer and a second layer provided on and 
adjacent to the first layer, 
bonding the first substrate member to a second 
substrate member, 

40 separating the first substrate member and the 

second substrate members to transfer the sec- 
ond layer onto the second substrate member, 

wherein the separation of the first substrate 
45 member and the second substrate member is con- 
ducted by an interface of the first layer and the sec- 
ond layer. 

2. The method according to claim 1, wherein after 
50 forming a porous region on the surface of the first 

substrate member, a surface side portion of a sur- 
face portion of the porous region is made non-po- 
rous to form the second layer in non-porous state 
and the first layer in porous state. 


55 


The method according to claim 1 , wherein a surface 
of the second layer exposed by the separation of 
the first layer is smoothed by a heat treatment in a 
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non-oxidative atmosphere, without employing se- 
lective etching or selective polishing. 

4. The method according to claim 1 , wherein a first po- 
rous layer and a second porous layer of a higher 
porosity than that of the first porous layer are formed 
on the surface of the first substrate member, and 

the first porous layer is made non-porous to 
form the second layer in non-porous state so 
that the second layer is formed on and adjacent 
to the second porous layer 

5. The method according to claim 1 , wherein a porous 
layer is formed on the surface of the first substrate, 
and the second layer comprising a non-porous layer 
is formed by epitaxial growth, without oxidation of 
wall surfaces of pores of the porous layer. 

6. The method according to claim 1, wherein ion im- 
plantation is conducted at an interface of the first 
layer and the second layer. 

7. The method according to claim 1 , wherein 

a porous layer is formed on a surface of the first 
substrate member and then wall surfaces of 
pores of the porous layer are oxidized, and 
an oxide film on the surface side of the porous 
layer is removed and then the surface side of 
the porous layer is subjected to a heat treat- 
ment in a non-oxidative atmosphere. 

8. The method according to claim 1 , wherein 

a first porous layer, a second porous layer hav- 
ing a higher porosity than that of the first porous 
layer, and a third porous layer having a lower 
porosity than that of the second porous layer 
are formed on the surface of the first substrate 
member, and 

the first porous layer is made non-porous, the 
second porous layer being adjacent to the layer 
made non-porous. 

9. The method according to claim 8, wherein after 
making the first porous layer non-porous, epitaxial 
growth is conducted. 

10. The method according to claim 1 , wherein 

a porous layer is formed on a surface of the first 
substrate member and wall surfaces of pores 
of the porous layer are oxidized, and 
the porous layer having oxidized walls of the 
pores is subjected to a heat treatment in a re- 
ducing atmosphere. 


11. The method according to claim 10, wherein epitax- 
ial growth is conducted on a surface made non-po- 
rous by the heat treatment. 

5 12. The method according to claim 1 , wherein 

after forming a porous layer on a surface of the 
first substrate member, without oxidizing the 
porous layer, the porous layer is subjected to a 
10 heat treatment in a non-oxidative atmosphere 

to make a surface of the porous layer non-po- 
rous, and 

epitaxial growth is conducted on the surface 
made non-porous. 

75 

13. The method according to claim 1, wherein the first 
substrate member comprises silicon. 

14. The method according to claim 1, wherein the first 
20 layer comprises a porous material. 

15. The method according to claim 1 , wherein the sec- 
ond layer comprises a non-porous material. 

25 16. The method according to claim 1 , wherein the sec- 
ond layer comprises a non-porous semiconductor 
layer and an oxide layer provided thereon. 

17. The method according to claim 1 , wherein the sec- 
30 ond layer comprises a plurality of layers being dif- 
ferent in conductive type or in impurity concentra- 
tion. 

18. The method according to claim 1 , wherein prior to 
35 the formation of the second layer, wall surfaces of 

pores in a porous layer of the first layer are oxidized 
at a low temperature and an oxide film on the wall 
surfaces in a vicinity of a surface of the porous layer 
is removed. 

40 

19. The method according to claim 1 , wherein the sec- 
ond layer comprises a layer formed by making non- 
porous at least a surface side portion of a porous 
layer by a heat treatment, and an oxide film formed 

45 on a surface of the layer made non-porous. 

20. The method according to claim 1 9, wherein the heat 
treatment is conducted in hydrogen. 

50 21 . The method according to claim 1 , wherein the first 
substrate after separation is reused. 

22. The method according to claim 1 , wherein the sep- 
aration is conducted by pressure, traction, shear, 

55 wedge insertion, heat treatment, oxidation, vibra- 
tion application or wire cutting. 

23. The method according to claim 1, wherein at least 
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a surface to be bonded of the second substrate 
comprises silicon oxide or silicon. 

24. The method according to claim 1 , wherein the sec- 
ond substrate member comprises a light-transmis- s 
sive member. 

25. The method according to claim 4, wherein a thick- 
ness of the first porous layer is smaller than that of 

the second porous layer. to 

26. A substrate produced by the method of claim 1 . 

27. A method of producing an electronic device com- 
prising steps of: is 

producing a substrate having an insulated non- 
porous semiconductor layer by performing the 
method of claim 16; and 

producing an electronic device in and upon said 20 
non-porous semiconductor layer. 
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